Cruciate-retaining total knee arthroplasty (CR-TKA) offers excellent clinical outcomes in the treatment of end-stage knee joint damage. In this surgery, the posterior cruciate ligament (PCL) may be preserved. This ligament functions to stabilize the knee in the anteroposterior direction, resulting in rollback during deep flexion after CR-TKA. [1] [2] [3] [4] The procedure also preserves the proprioception of the ligament, which has been known as a somatic sense for detecting position and motion of the knee joint. 5,6 However, some reports have shown that as compared with posterior-stabilized TKA, CR-TKA decreases the range of motion, with less reproducibility of rollback in deep flexion. 7,8 These results suggest that the preserved PCL is not always functional after CR-TKA.
medial side wall of the notch on to the medial femoral condyle. 10 Their movements thus vary depending on the position of the knee joint. 10 The tibial PCL attachment is close to the articular surfaces. [11] [12] [13] [14] The ALB attachment area is located close to the tibial plateau surface, whereas the PMB attachment area extends below the ALB attachment area. The ALB attachment area or both the ALB and PMB attachment areas may therefore be partly resected depending on the amount of the tibial cut and the posterior tibial slope angle. In fact, previous reports using radiography or magnetic resonance imaging (MRI) after CR-TKA appear to have demonstrated partial resection of the PCL attachment area. 15, 16 These studies used two-dimensional images in the sagittal plane. However, the PCL attachment area is three-dimensional (3D), and 3D evaluations of the ALB and PMB attachment areas before the proximal tibial bone cut are certainly useful to surgeons. Furthermore, the ALB and PMB have different functions and should be investigated separately. The recent development of various image analysis techniques has allowed visualization of the features of the attachment areas of the PCL, ALB, and PMB. 12 These approaches permit accurate identification of the attachment areas of these ligaments in a 3D bone model.
On the basis of this background, the effects of tibial cuts on the attachment sites of the ALB, PMB, and PCL were investigated in patients with medial knee osteoarthritis (OA) who were scheduled to undergo surgery using a 3D tibial bone model based on computed tomography (CT) and MRI data.
Materials and Methods

Subjects
We evaluated 40 knee joints in 40 medial OA patients (12 men and 28 women) who were scheduled to undergo TKA. This study was approved by our Institutional Review Board, and written informed consent was obtained from all the patients.
The mean (range) age, height, weight, and body mass index (BMI) of the patients were 73.3 years (53-86 years), 153.1 cm (135-175.5 cm), 60.1 kg (38.5-89.3 kg), and 25.4 kg/m 2 (17.9-38.3 kg/m 2 ), respectively. The Kellgren-Lawrence grade for OA was III in 17 knees (42.5%) and IV in 23 knees (57.5%; ►Table 1).
Methods
The procedure to identify and measure the PCL attachment area consisted of the following steps.
CT and MRI Acquisition
CT of the knee joint and ankle joints was performed in the supine and knee extension positions (helical CT, LightSpeed Ultra16, General Electric, Waukesha, WI). The slice thickness was 1.25 mm. 17 MRI of the knee joint was performed in the same positions (1.5-T Magnetom Espree, Siemens, Erlangen, Germany; wide gantry diameter: 70 cm; repetition time: 12 ms; echo time: 5.8 ms; flip angle: 20 degrees; field of view: 240 Â 240 mm; matrix: 256 Â 256). The slice thickness was 0.8 mm.
Three-Dimensional Bone Model Preparation
A 3D model was prepared on the basis of the CT and MR images. A 3D Workstation (Volume Analyzer Synapse Vincent, Synapse 3D, Fujifilm, Tokyo, Japan) was used to segment each image. The MR images were segmented for the tibia and PCL. 3D bone models were prepared from the CT and MR images at thresholds of À2,048 to 3,238.
Identification of the PCL Attachment Area
The PCL attachment area was identified by the first author (Y.I.) who experienced about this procedure using software developed in our laboratory (Orthopaedics Viewer, Osaka, Japan). 18 Surface registration of the 3D MRI model of the tibia with the PCL superimposed over the 3D CT model of the tibia was applied (►Fig. 1A). 18, 19 As the PCL could be visualized in the 3D CT model by superimposition of the 3D MRI model, the outline of the PCL attachment area in the 3D MRI model of the tibia was identified using the 3D CT model. After identification, the 3D MRI model of the tibia with the PCL was deleted, and the outline of the PCL attachment area remained on the 3D CT model of the tibia. The outline of the PCL attachment area was then deleted, and the remaining area was defined as the PCL attachment area. As the ALB and PMB attachment areas have different slope angles, these areas were identified on the basis of the morphology of the PCL attachment area (►Fig. 1A). 14 The ALB and PMB attachment areas were obtained by dividing each area by the total area of the PCL attachment.
Setting the Axis for Tibial Bone Cutting
Orthopaedics Viewer was used to perform tibial bone cutting in the 3D CT model of the tibia with the identified PCL attachment area. 18 The vertical axis of the tibia was defined by a line connecting the center of the proximal tibial articular surfaces at the level of the fibular head and the center of the dome of the distal tibial articular surfaces. The anteroposterior axis was defined as a line vertical to a line connecting the proximal posterior tibia/fibula. The 3D CT model of the tibia with the identified PCL area was cut at 8 and 10 mm distal from the center of the lateral articular surfaces with a 
Results
The mean PCL attachment area was 220.8 mm 2 (range: 168.5-322.7 mm 2 ). The mean (range) ALB and PMB attachment areas were 80.3 mm 2 (51.9-115.3 mm 2 ; 36.6%) and 140.5 mm 2 (97.5-234.8 mm 2 ; 63.4%), respectively (►Table 2). The PCL attachment area correlated with the subject height
When simulating an 8-mm proximal tibial bone cut with posterior tibial slope angles of 0, 7, and 10 degrees, the ALB tibial attachment area was completely removed in 10 knees (0 degrees: 25%), 26 knees (7 degrees: 65%), and 33 knees (10 degrees: 82.5%), respectively. For cases in which the ALB tibial attachment area was preserved, the residual ALB tibial attachment areas were 21.8% (range: 0.3-62.5%), 9.5% (range: 0.2-28.5%), and 8.1% (range: 1.5-16.7%), respectively.
In the same proximal tibial bone cut simulation, the PMB tibial attachment area was completely removed in only two knees (7 degrees in one knee, 10 degrees in one knee). In cases in which the PMB tibial attachment area was preserved, the residual PMB tibial attachment areas were 86.3% (range: 16.7-100%), 64.1% (range: 19.3-99%), and 51% (range: 7.2-96.4%), respectively.
When simulating a 10-mm proximal tibial bone cut with posterior tibial slope angles of 0, 7, and 10 degrees, the ALB tibial attachment area was completely removed in 27 knees (0 degrees: 67.5%), 39 knees (7 degrees: 97.5%), and 39 knees (10 degrees: 97.5%), respectively. For cases in which the ALB tibial attachment area was preserved, the residual ALB tibial attachment areas were 9.6 (range, 0.3-29.9%), 5.2, and 0.5%, respectively. In the same proximal tibial bone cut simulation, the PMB tibial attachment area was completely removed in five knees (7 degrees in two knees, 10 degrees in three knees). For the cases in which the PMB tibial attachment area was preserved, the residual PMB tibial attachment areas were 64.3% (range: 0.1-99.2%), 38.1% (range: 4.1-84.6%), and 27% (range: 0.3-70.5%), respectively.
In the comparison of each posterior tilt, significant differences in residual ALB attachment area were identified for a tibial cut of 8 mm with posterior tibial slope angles of 0 and 7 degrees (p ¼ 0.001) and of 0 and 10 degrees (p < 0.001; ►Fig. 3A). Significant differences in residual PMB attachment areas were found for a tibial cut of 8 mm with posterior tibial slope angles of 0 and 7 degrees (p < 0.001) and of 0 and 10 degrees (p < 0.001; ►Fig. 3B). 
Discussion
In this study, the two bundles of the PCL tibial attachment were examined in simulations of tibial bone cutting during CR-TKA using 3D bone models. Surface registration enables superimposition of the 3D MRI bone model over the 3D CT bone model. 19 The 3D MRI bone model visualizes soft tissues, ligaments, and menisci, whereas the 3D CT bone model shows the outlines of the joints. Degeneration of the knee is reportedly less likely to occur at the PCL than at the ACL, and PCL degeneration is not associated with joint deformity. 20 Furthermore, recent developments in image analysis have enabled clarification of the features of the ligament attachment areas of the PCL, ALB, and PMB, and these features were clearly identified in the 3D bone models. 12 The results of this study concerning the PCL, ALB, and PMB attachment areas were compatible with the results in cadaveric knees, which suggest that the attachment areas were sufficiently reproduced by the 3D bone models. 11, 12 A bone island can be created to preserve the PCL in CR-TKA, but the procedure requires consideration of the morphology of the posterior intercondylar tibia, the size of the slot for the PCL attachment area/tibia implant, and the risks 21, 22 In this study, bone cutting was simulated without a bone island in the 3D CT model of the tibia at 8 and 10 mm from the lateral articular surfaces, with posterior tibial slope angles of 0, 7, and 10 degrees. Proximal tibial bone cutting decreased the residual PCL attachment area as the angle increased. With a tibial cut of 8 mm at a posterior tibial slope angle of 7 degrees, the residual PCL attachment was approximately 50%. The residual attachment area was smaller for the ALB than for the PMB because the attachment area of the ALB was located closer to the articular surfaces of the tibia than that of the PMB. [11] [12] [13] [14] These results suggest that only half of the PCL attachment area was retained after the bone cut simulation. The PMB can therefore be preserved at a posterior tibial slope angle of 7 degrees, unless the PCL attachment is left as a bone island.
One of the important goals of CR-TKA is to preserve the function of each ligament fiber of the PCL. The ALB supports the femoral rotation axis, and the PMB inhibits the posterior translation of the tibia in deep flexion of the knee. 23, 24 This background and the results of this study indicate that ALB dysfunction after partial loss of the ALB attachment area inhibits femoral rotation. Furthermore, paradoxical anterior movement may occur after partial loss of the ALB and PMB attachments. In paradoxical anterior movement and PCL elongation with knee flexion, partial loss of the PCL attachment area may result in dysfunction. 8, 25 However, in our previous studies, bicondylar rollback was observed with deep knee bending after CR-TKA because of the ALB and PMB with a bone island. 26, 27 A major limitation of this study was that residual PCL attachment may depend on the thickness of the cartilage and the amount of the bone cut. This study was limited to an assumed cartilage thickness of 2 mm and bone cutting in the 3D tibia model of 8 and 10 mm from the lateral articular surfaces. Furthermore, this study was performed in Asian patients, and thus results may differ for patients from other ethnicities with different bone morphologies.
In conclusion, this study, which used a 3D bone model, found that the PCL attachment area and residual ALB attachment decrease significantly in CR-TKA, with increases to the posterior tibial slope angle and the amount of the tibial bone cut. Complete preservation of the ALB and PMB attachment areas requires selection of surgical procedures and devices such as a procedure to protect the area with a bone island prior to CR-TKA. 
